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Electrospray Ionization 
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A model for the gas-phase proton transfer reactivity of multiply protonated molecules is 
used to quantitatively account for the maximum charge states of a series of arginine-contain- 
ing peptide ions measured by Downard and Biemann (I,lt. 1. Mass Spectrom. km Processes 
1995, 248, 191-202). We find that our calculations account exactly for the maximum charge 
state for 7 of the 10 peptides and are off by one charge for the remaining 3. These calculations 
clearly predict the trend in maximum charge states for these peptides and provide further 
evidence that the maximum charge state of ions formed by electrospray ionization is 
determined by their gas-phase proton transfer reactivity. (1 Am Sot MRSS Spectrom 1996, 7, 
972-976) 
ith electrospray ionization, a distribution of 
charge states can be produced from larger 
ions that have multiple acidic or basic sites 
[l-13]. This multiple charging phenomenon has the 
advantage that it shifts the mass-to-charge ratios of 
large molecule ions into a lower range, which makes 
high mass measurements possible on virtually any 
type of mass spectrometer. The role of various physical 
phenomena involved in the observed charge distribu- 
tions has been debated hotly [2-131. Effects of solution 
chemistry [6-B], molecular conformation [9, lo], and 
ion-molecule reactions [12, 131 have been studied ex- 
tensively. Fenn [2] introduced a model, based on the 
droplet charge density to qualitatively explain some of 
these phenomena 121. However, to account for the 
charge state distributions or maximum charge states 
quantitatively presents a difficult challenge. A com- 
mon approach to estimate the maximum charge state 
of ions in electrospray mass spectra is simply to count 
the number of basic sites (arginine, lysine, histidine, 
and the N-terminus) that are protonated in solution 
[14]. For many molecules, this works quite well. How- 
ever, this method can either grossly overestimate or 
underestimate the maximum charge state of many 
ions. For example, 54 ribosomal protein and actin both 
have 46 basic residues, yet the maximum charge state 
that we are aware of that has been reported in the 
literature for these ions is 30 + [15] and 59 + [16], 
respectively. 
Recently, Downard and Biemann [17] conducted an 
elegant study in which they measured the maximum 
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charge state and charge state distributions obtained 
from arginine-containing peptides electrosprayed from 
methanol-water-acid solutions. The effects of peptide 
size, interarginine separation, and number of arginine 
residues were investigated. They found that the frac- 
tion of arginine residues that were protonated in the 
average charge state of these peptides ranged from 40 
to 95%. The results were rationalized partially by the 
Fenn model, but the authors reported that they “found 
no clear relationship between the number of potential 
charge-bearing sites and the number of charges that an 
arginine-rich peptide will support.” 
Here, we demonstrate that the experimental results 
of Downard and Biemann can be explained readily by 
a model we have proposed to account for the maxi- 
mum charge states observed in electrospray mass 
spectra of peptide and proteins [18, 191. This model is 
based on previous work on the gas-phase proton trans- 
fer reactivity of multiply protonated molecules [ 19-231. 
In this model, protons are assigned to sites in the 
molecule based on estimates of the intrinsic gas-phase 
basicity (GBintrinsic) of these sites and the sum of point 
charge Coulomb interactions between charges. Lowest 
energy charge configurations are found by using a 
pseudo-random-walk algorithm, and an apparent gas- 
phase basicity (GBapp) of each charge state is calcu- 
lated. We assign the maximum charge state as the first 
charge state with a GB“pp below the GB of the solvent. 
That is, the next highest charge state should undergo 
rapid proton transfer to the ubiquitous solvent 
molecules present in the electrospray interface [GBapp 
of the n+ charge state reflects the proton transfer 
reactivity of the (n + ljf charge state ion]. This can 
occur either by gas-phase collisions or by solvent evap- 
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oration from an analyte-ion-solvent cluster in which 
the charge is partitioned between the analyte ion and 
the departing solvent 1181. The latter stages of this 
process should reflect the gas-phase chemistry of these 
species. A recent study of porphyrin ions indicates that 
the doubly protonated species that exist in solution are 
converted to singly protonated ions relatively late in 
the electrospray process [24], consistent with the fore- 
going analyte-solvent charge-partitioning model. 
For ions electrosprayed from a denaturing solution 
that conatins methanol, we use the GB of methanol 
(174.1 kcal/mol) for comparison. An effective dielec- 
tric polarizability of 1.3 was used in these calculations. 
This value includes all effects not explicitly treated in 
our model and was found to most accurately fit the 
maximum charge states of a series of peptides in our 
previous report. (In contrast, a value of 2.0 more accu- 
rately fits data for proteins.) A value of GBintrinsic for 
arginine and the backbone carbonyl oxygen of 251.3 
and 221.6 kcal/mol were used, respectively, and are 
based on the basicity of these sites in individual amino 
acids (236.3 and 206.6 kcal/mol, respectively) [25, 261 
and an estimate of charge self-solvation (15 kcal/mol) 
[19]. A detailed description o,f these calculations is 
given in ref 18. A value of 3.8 A is used for the length 
of an amino acid residue. To obtain a length for x 
( = Gaminovaleric acid), molecular mechanics with the 
consistent-valence force field (Discover version 2.9.5 in 
Insight II, Biosym Technologies, San Diego, CA) were 
performed at 300 K for 1 ns (l-fs step size, intramolec- 
ular distances stored every 200 fs) on the doubly pro- 
tonated molecule fiR in which the guanidine groups 
of both arginine residues were protonated. The aver- 
age distance betwee; the o-carbons of residues 2 and 3 
was found to be 7.0 A; this value is used for the length 
of x in these calculations. 
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Figure 1. Calculated apparent gas-phase basicity as a function 
of charge state for arginine-containing peptides (RG),, +; R,, A; 
(RRGG),, 0; R,G,, *; (RG),, 0; (RG),,, W; (a&R, 0; (RG),s, 0; 
(a),, R, @. The GBapp of the n+ charge state reflects the proton 
transfer reactivity of the (n + l)+ charge state ion. The dashed 
line indicates that GB of methanol (174.1 kcal/mol). [The GBapp 
of the 8 + charge state of (RG),, is 0.5 kcal/mol greater than the 
GB of methanol.] 
Figure 1 shows our calculated GBapp as a function 
of charge state for each of the compounds examined by 
Downard and Biemann. The experimental values mea- 
sured by Downard and Biemann [17] as well as the 
maximum charge state predicted by our calculations 
are given in Table 1. A strong linear correlation be- 
tween the calculated and measured values is readily 
apparent in Figure 2 (correlation coefficient = 0.97; 
slope = 1.03 versus 1.00 for ideal fit). A similar correla- 
tion also is observed simply by counting the number of 
basic sites in the molecule, but this overestimates the 
maximum charge state by roughly 75% (slope = 1.75). 
Table 1. Calculated and experimental charge states of 11 peptides formed by electrospray 






Measured charge state 
Average Maximum 







R3 4 - 3 2 3 
(FIG), 4 2.8 3 3 3 
(RG), 7 4.6 5 4 4 
(RRGG), 7 4.0 5 4 5 
‘%G, 7 4.0 4 4 4 
R6 7 3.9 4 3 4 
(RG),, 11 4.0 5 6 6 
W;),R 11 4.7 6 7 7 
(RG),, 16 7.9 9 9 9 
(R&R 16 8.3 10 10 10 
‘Experimental values are from ref 17 except for R,, which is from ref 27. 
’ = &aminovaleric acid. 
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Experimental Maximum Charge State (Downard and Biemann) 
Figure 2. Experimentally measured maximum charge states 
(from ref 17) versus charge states calculated from the proton 
transfer reactivity model (6) and total number of basic sites (A ). 
The solid and dashed-dotted lines are obtained from a linear best 
fit for these two respective models. The dashed line indicates an 
ideal fit. Overlapping points are offset. 
Thus, one simply could divide the number of basic 
residues by 1.75 and obtain nearly the same accuracy 
as our calculations. However, the peptides of this se- 
ries are relatively homogeneous, that is, they contain 
only three different residues. In contrast, most pep- 
tides and proteins of biological relevance are signifi- 
cantly more heterogeneous. For these ions, our calcula- 
tions are dramatically more accurate because they ex- 
plicitly take into account both the sequence and 
Coulomb repulsion. For example, for 54 ribosomal 
protein and actin, which both contain 46 basic residues, 
we calculated maximum charge states of 34+ and 
56 + , respectively [18], in good agreement with the 
experimentally measured values of 30 + and 59 + re- 
ported in the literature [15, 161. 
For G,, our calculations predict that a doubly proto 
nated molecule should be stable with respect to proton 
transfer. However, as we have reported previously for 
small peptides with few basic sites, the maximum 
charge state is correlated better with the solution-phase 
charge state [18]. Thus, based on our previous work, 
we would expect a maximum charge state of 1 +, the 
experimentally observed value. For (RG),, R,G,, 
(RG),,, and (R&R, we calculated the correct maxi- 
mum charge state. For (RG),, (RRGG),, and R,, we 
calculated a value that is lower by 1. Our simple 
model significantly underestimates the charge separa- 
tion distance that is possible in smaller peptides con- 
taining basic residues, such as arginine and lysine, 
with long flexible side chains that are protonated. To 
obtain a rough estimate of how far a charged terminal 
arginine residue can extend the length of a peptide, 
molecular dynamics simulations were performed at 
300 K on the model peptide RGR, protonated at the 
guanidine groups of both arginine residues. The 
charge-charge separation distance over the 1-ns simu- 
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Figure 3. Lowest energy (0 K) structure obtained by molecular 
mechanics of the doubly protonated model peptide RGR in 
which the guanidine groups of both terminal arginine residues 
are protonated (top). The graph (bottom) plots the charge separa- 
tion distance obtained from dynamics simulations performed at 
300 K f%r 1 ns, from which an average charge separation distance 
of 14.6 A is obtained. 
value of the charge separ$ion is 14.6 A, which is 
similar to the value of 13.9 A obtained from the lowest 
energy O-K structure (Figure 3, top). By comparison, a 
value of 7.6 A would be used for the charge separation 
distance in our model. The average distance betwe$n 
a-carbons of the yo terminal arginine groups is 6.7 A. 
A value of 3.9 A is obtained for the o-carbons 05 
adjacent residues; this is similar to the value of 3.8 A 
used here. (This distance and the value of E, are 
linked, i.e., a smaller distance would result in a higher 
value of E, used in these calculations.) Subtraction of 
the average length of the backbone from the average 
charge separation ovalue results in a distance of 
(14.6-6.7)/Z = 4.0 A that each terminal side chain 
arginine extends the interchange separation distance in 
this ion. A similar result was obtained from molecular 
dynamics simulations of the doubly protonated pep- 
tide (RG),R. 
This effect was included in our model by allowing a 
charge on an arginine at either end of the molecule to 
extend the length of the peptide by 4.0 A per terminal 
arginine. This minor modification reduces the calcu- 
lated GB+‘p of all the arginine-containing peptide ions 
in this study (but does not necessarily change the 
maximum charge state) and results in an even better 
fit of our calculated maximum charge state to the 
measured values (Table 1). These data, plotted in Fig- 
ure 4, have a correlation coefficient of 0.98 and a slope 
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Figure 4. Calculated maximum charge state with flexible termi- 
nus modification (0). The solid line is obtained from a linear best 
fit and the dashed line indicates an ideal fit. Overlapping points 
are offset. 
of 1.01 (1.00 for an ideal fit). As expected, a larger 
change in GBapp is observed for smaller ions than for 
larger ones. A larger change also is observed for ions 
in which charges reside on both a terminal arginine 
and an adjacent residue [e.g., CR6 + 4Hj4’] because 
this charge separation increases from 3.8 to 7.8 A with 
this modification. A similar improvement is observed 
for R, for which the maximum charge state reported 
in the literature is 3 + 1271; the original and “flexible 
terminus” models predict values of 2 + and 3 +, re- 
spectively (Table 1). Lowering the GBintrinsic of the 
terminal arginines to 236.3 kcal/mol (the value of an 
individual arginine amino acid) does not affect the 
calculated maximum charge state because deprotona- 
tion is not predicted at these sites. Thus, the extent of 
self-solvation that can occur at these sites does not 
affect these results. 
Downard and Biemann [17] concluded that “the 
role of Coulombic repulsion effects in the charging 
process may have been overstated.” However, our 
calculations strongly indicate otherwise. The improved 
correlation we obtained from this very minor flexible 
terminus modifiction is due entirely to a reduction in 
Coulomb repulsion. These results and those of our 
original calculations strongly indicate that Coulomb 
repulsion plays a very critical role in the maximum 
number of charges that an ion can retain in the electro- 
spray ionization process. A strong influence of Cou- 
lomb repulsion on the maximum charge state of star- 
burst dendrimers also has been reported by Smith and 
co-workers [28]. 
A large number of approximations go into our model 
of the proton transfer reactivity of multiply protonated 
ions. Nevertheless, the ability of our calculations to 
account for the maximum charge states of a variety of 
biomolecules reported in the literature appears promis- 
ing. These calculations account for the maximum 
charge state for 8 of the 11 peptides investigated here, 
and are off by 1 for the remaining three. Improvements 
in estimates of GBintrinsic, which take into account near- 
est neighbor interactions, flexibility in protonated side 
chains, and local conformation, should enhance the 
accuracy of these calculations greatly. This is particu- 
larly important for arginine-containing peptides be- 
cause no value for its intrinsic basicity in peptides has 
been measured. In addition, evidence for salt-bridge 
formation in arginine-containing peptides has been ob- 
served [29,30]. Our model does not currently take this 
type of interaction into account. Ions that have GBapp 
- 3 kcal/mol lower than that of the solvent should be 
observable in small abundance under “soft” or near- 
thermal interface conditions, so that our model as 
described may slightly underestimate the maximum 
charge state. 
To account for charge state distributions quantita- 
tively is a more difficult challenge. It is possible that 
these distributions are largely the result of gas-phase 
chemistry. A plot of the experimentally observed max- 
imum charge state and the average measured charge 
state is linear (correlation coefficient = 0.99, slope = 
0.81) and suggests that these values are in fact related. 
In the electrospray interface, energetic collisions with 
neutral molecules can occur. These collisions can pro- 
vide sufficient energy to drive reactions over a barrier 
so that proton transfer reactions from analyte ions to 
solvent molecules, which are not kinetically favorable 
under thermal conditions, can occur. This would result 
in the production of lower charge state ions. In addi- 
tion, collisions with (or evaporation of) solvent clus- 
ters, which have higher GB than individual solvent 
molecules, would also result in the production of lower 
charge state ions. Obviously, charge distributions are 
significantly more difficult to model in general because 
solution-phase chemistry and instrumental factors also 
play a role. With additional experiments done under 
carefully controlled conditions, such as those of Dow- 
nard and Biemann, it should be possible to further test 
the validity of this model and enhance its accuracy. 
This model also should be extendible readily to other 
multiply charged ions formed by electrospray ioniza- 
tion, such as cationized species and negative ions. 
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